† Background and Aims Wetlands are impacted by changes in hydrological regimes that can lead to periods of low water levels. During these periods, aquatic plants experience a drastic change in the mechanical conditions that they encounter, from low gravitational and tensile hydrodynamic forces when exposed to flow under aquatic conditions, to high gravitational and bending forces under terrestrial conditions. The objective of this study was to test the capacity of aquatic plants to produce self-supporting growth forms when growing under aerial conditions by assessing their resistance to terrestrial mechanical conditions and the associated morpho-anatomical changes. † Methods Plastic responses to aerial conditions were assessed by sampling Berula erecta, Hippuris vulgaris, Juncus articulatus, Lythrum salicaria, Mentha aquatica, Myosotis scorpioides, Nuphar lutea and Sparganium emersum under submerged and emergent conditions. The cross-sectional area and dry matter content (DMC) were measured in the plant organs that bear the mechanical forces, and their biomechanical properties in tension and bending were assessed. † Key Results All of the species except for two had significantly higher stiffness in bending and thus an increased resistance to terrestrial mechanical conditions when growing under emergent conditions. This response was determined either by an increased allocation to strengthening tissues and thus a higher DMC, or by an increased cross-sectional area. These morpho-anatomical changes also resulted in increased strength and stiffness in tension. † Conclusions The capacity of the studied species to colonize this fluctuating environment can be accounted for by a high degree of phenotypic plasticity in response to emersion. Further investigation is however needed to disentangle the finer mechanisms behind these responses (e.g. allometric relations, tissue make-up), their costs and adaptive value.
INTRODUCTION
Wetlands are highly variable aquatic systems that are particularly sensitive to changes in hydrology, such as alterations in their water supply during extensive droughts (Humphries and Baldwin, 2003; Romanello et al., 2008; Touchette et al., 2008) . During these periods, submerged aquatic plants experience an important alteration of their habitat, shifting from aquatic to terrestrial conditions. This shift represents a drastic change in most of the abiotic conditions they encounter, particularly the availability of water, light, oxygen, inorganic carbon and nutrients, and mechanical forces (Usherwood et al., 1997; Rascio, 2002) . When the water level decreases, some aquatic plant species are capable of producing emergent growth forms that rely on changes in their morphological, anatomical or physiological traits (Robe and Griffiths, 1998; Li et al., 2011) . A number of studies have investigated the plastic responses of the morphological and anatomical traits of plants that limit the negative impacts of dewatering on resource uptake and plant development: stomatal size and number in relation to evapotranspiration (Morgan, 1984) , leaf traits in relation to gas diffusion and photosynthesis (Robe and Griffiths, 1998; Robe and Griffiths, 2000; Vernescu and Ryser, 2009 ) and biomass allocation (Romanello et al., 2008) . Conversely, the responses of aquatic plants to aerial conditions from a mechanical perspective have received little attention despite the dramatic change in mechanical conditions encountered by plants that represents the transition from aquatic to terrestrial conditions and the need for plant survival and development in the terrestrial environment. Indeed, a plant's capacity to produce a self-supportive growth form not only will allow it to withstand the terrestrial mechanical forces, but also enables it to achieve a tall growth form (Niklas, 1992) . This is of crucial importance in a terrestrial environment as it will optimize light interception, essential to photosynthesis, gas exchange and an efficient reproduction (spore release, pollen capture, seed and fruit release) (Evert, 2006) .
Under aquatic conditions, submerged plants are supported by buoyancy and experience low gravitational force. Consequently, the main external mechanical forces encountered by submerged plants are hydrodynamic forces induced by moving water ( particularly drag; Vogel, 2003; Fig. 1) . Aquatic plants generally have low proportions of strengthening tissues (Usherwood et al., 1997; Jung et al., 2008) , which enables a high degree of flexibility and elasticity (Koehl, 1984) . Due to their great flexibility, submerged plants bear hydrodynamic forces mostly through tension (Puijalon et al., 2011) . Conversely, under terrestrial conditions, self-supportive plants are exposed to both strong gravitational forces and external mechanical forces, such as those induced by wind (Usherwood et al., 1997; Niklas, 1998) . Self-supportive growth forms rely on the production of strengthening tissues that are able to bear gravitational forces through compression (Niklas, 1992) . Due to the stem stiffness, selfsupportive plants generally bear external forces, such as windinduced forces, by bending (Niklas, 1998) . Consequently, the adaptation of plants to external mechanical forces relies on the capacity to resist tensile forces in aquatic habitats and compressive and bending forces in terrestrial habitats (Fig. 1) .
Aside from the allometric relationships between height and stem diameter (McMahon and Kronauer, 1976; Niklas, 1998) , the capacity to produce a self-supportive morphology is largely determined by the biomechanical properties of a plant's organs, involving tissue and geometric properties on the scale of a stem section (Vogel, 1992; Ennos, 1993; Niklas, 1996; Schulgasser and Witztum, 1997) . Cellulose and lignin are the main structural components of plant tissues that provide support and resistance and play a crucial role in the capacity of plant organs to resist compressive and bending forces. Tissues with lignified cell walls are the strongest and stiffest tissues in herbaceous plants (Niklas, 1993) , the stiffness making them especially resistant to bending, whereas tissues containing cellulose microfibrils, which act as tensile cables, are considered to be one of the strongest materials when placed in tension (Niklas, 2009 ). Tissues containing cellulose or lignin are composed of cells with thick primary or secondary walls, having a great mass per unit volume, leading to a high density of plant organs and high dry matter content (DMC) (Garnier and Laurent, 1994) . The geometric properties of a plant fragment and the position of the strengthening tissues within the crosssection also influence its resistance to bending. Specifically, rectangular and triangular stems are more resistant to bending than elliptical and circular stems (Vogel, 1992; Ennos, 1993) and, within the cross-section, a peripheral positioning of strengthening tissues increases the resistance to bending (Rasdorsky, 1928; Schulgasser and Witztum, 1997) .
Few studies have examined the capacity of aquatic plants to produce self-supportive growth forms under terrestrial conditions (Goliber, 1989; Li et al., 2011) . These studies have demonstrated that some aquatic plant species are able to withstand the terrestrial mechanical forces by producing growth forms with important morpho-anatomical modifications compared with aquatic growth forms. Aerial shoots have higher proportions of lignified material (Goliber, 1989 ) and a less developed lacunar system (Li et al., 2011) compared with submerged shoots, meaning that aerial shoots have a higher tissue density and increased proportions of strengthening tissues. However, these studies only focused on a reduced set of species, impeding generalization about this plant response, and generally did not address simultaneously the biomechanical properties and anatomical traits that are involved in the response to aerial conditions.
The objective of this study was to investigate the capacity of eight aquatic plant species to produce self-supportive growth forms during emersion as well as the anatomical traits that are associated with these responses. Morpho-anatomical and biomechanical traits were measured on individuals sampled in natural habitats under submerged and emergent conditions. The biomechanical traits of submerged and emergent plants were measured in tension and bending, in order to assess their relative resistance to the forces encountered in aquatic and aerial environments, respectively. The hypotheses that we specifically tested were: plants growing in terrestrial conditions have (1) a greater cross-sectional area and higher proportion of dense strengthening tissues and (2) greater stiffness in bending, leading to an increased mechanical resistance to terrestrial mechanical forces; and (3) a plant's capacity to resist aquatic mechanical forces is modified by the response to emersion (due to changes in tensile strength and flexibility).
MATERIALS AND METHODS

Plant material and sampling
The eight aquatic plant species were: Berula erecta (Hudson) Coville, Hippuris vulgaris L., Juncus articulatus L., Lythrum salicaria L., Mentha aquatica L., Myosotis scorpioides L., Nuphar lutea L. and Sparganium emersum Rehmann. These species were selected because they belong to contrasting taxonomic groups and have different growth forms (Table 1; APGIII, 2009) .
All plants were collected in the wetlands along the Rhône and the Ain rivers (Table 1) . Flow conditions in these wetlands are generally standing, but can also be slowly running during periods of high water levels and harsh during floods, which can generate high water velocities leading to plant breakage and uprooting. For each species, two sets of 40 individuals were collected from the same wetland under two conditions (totally submerged and emergent) on a sampling patch of approx. 4 m 2 . Consequently, the conditions, other than the level of submergence, were similar between the two sets of plants of each species. The two sampled patches (submerged vs. emergent) were separated by only a few metres, and individuals were considered to be part of the same population. The sampling patches had previously been monitored for at least a month in order to ensure that the plants had been growing under a constant regime (submerged or emergent) for a period long enough to enable the responses to occur. All the samples were kept at 18 8C for a maximum of 3 d until testing (in aerated water for submerged plants).
Measurements of biomechanical traits
For each species and submergence condition, biomechanical traits were measured through tensile and bending tests on 20-30 replicates using a universal testing machine (Instron 3342, Canton, MA, USA). The two tests (tensile and bending) were carried out on each individual.
Depending on the species growth form, the mechanical forces (buoyancy, gravitational forces and external mechanical forces) are not withstood by the same organs. Indeed, these mechanical forces concentrate on the stems for species with caulescent growth forms, whereas the petioles and leaves withstand these forces for plants with a rosette growth form. Consequently, tests were carried out on segments of stems for caulescent species and on leaves or petioles for rosette species. For caulescent species, the tensile test was conducted on the most basal part of the stem and the bending test on a slightly higher section. For rosette species, the two tests were carried out on two different mature petioles (B. erecta and N. lutea) or leaves (S. emersum and J. articulatus) of one single individual.
Tensile tests. The samples, approx. 10 cm long, were clamped into the jaws of the testing machine, leaving a free length of at least ten times the diameter (Usherwood et al., 1997) . A constant extension rate of 5 mm min 21 was applied to the upper jaw until the sample broke. The following biomechanical traits were calculated at the sample breaking point. † The tensile strength (calculated as the force per cross-sectional unit area, in N m
22
) quantifies the maximum force that the sample can bear without suffering mechanical failure, corrected by its cross-sectional area. † The tensile Young's modulus (E in Pa) is defined as the slope of a sample's stress-strain curve in the elastic deformation region and quantifies the segment stiffness, i.e. the extent to which the segment resists deformation in response to an applied force. † The strain (in %) was calculated as the change in segment length divided by its initial length and quantifies the capacity of the segment to deform before it breaks.
Bending tests. Three-point bending tests, consisting of a force applied to the midpoint of a sample placed on a support, could not be performed on most of the samples due to the prohibitively high flexibility of the stems and leaves of aquatic plants that slipped off the metal support when the force was applied to them. The samples were thus tested as cantilever beams: a one-fixed end bending test was performed, using a 10 cm sample clamped horizontallyat its basal end while aforcewas applied at the midpoint of the sample by lowering a probe at aconstant rate of 10 mm min
21
. The following biomechanical traits related to bending were calculated: † The bending Young's modulus (E in Pa) is defined as the slope of a sample's stress -strain curve in the elastic deformation region and quantifies the sample stiffness. † The second moment of area (I in m 4 ) quantifies the distribution of material around the axis of bending, accounting for the effect of the cross-sectional geometry of a structure on its bending stress. The formula to calculate I (in m 4 ) depends on the cross-sectional geometry of the sample [eqns (2) - (5) from Niklas, 1992) .
I rectangular cross−section = (bh 3 )/12 (4)
where r is the radius of a circle, a and c are the shorter and longer axes of an elliptical cross-section, respectively, and b and h are the base and height of a rectangle or triangle (m). † The flexural stiffness (EI in N m 2 ) was calculated by multiplying E and I. This parameter quantifies the resistance to bending (stiffness) of variously shaped cross-sections (Schulgasser and Witztum, 1997) .
Measurements of morpho-anatomical traits
First, we measured the length (cm) of stems or petioles for each individual. Then, we measured the following morphoanatomical traits on each plant sample (stem or leaf/petiole) later used for biomechanical tests. † The cross-sectional radius (for circular cross-sections), height and width (for triangular and square cross-sections) or the shorter and the longer axes (for elliptical cross-sections) were measured using a digital calliper (+ 0 . 02 mm) at three different points along the sample. These three values were averaged for the calculation of I. † The fresh and dry masses (in g) were obtained after ovendrying for 48 h at 70 8C.
These measurements were used to calculate the following traits: † The cross-sectional area of the segment (mm 2 ) † The dry matter content (DMC) of the segment, calculated from the relationship between dry and fresh masses (Garnier and Laurent, 1994; Cornelissen et al., 2003) .
Statistical analysis
For each species, the difference in the cross-sectional area between the two submergence conditions was tested using Student's t-test or Welch's t-test when the data did not meet the conditions of homoscedasticity.
For each species, the difference in DMC between the two submergence conditions was analysed using an analysis of covariance (ANCOVA), with dry mass as the dependent variable, the condition (submerged, emergent) the covariate (fresh mass), and their interaction as the main effects. The fresh and dry masses were measured twice for each individual (for the two samples used for the biomechanical tests). The mean value of these traits was calculated to obtain one value per individual for each submergence condition that was then used in the ANCOVA. ANCOVAwas used to test how the submergence condition affected the relationship between the traits (fresh and dry masses), rather than by directly comparing the ratios (Pinheiro and Bates, 2000; Puijalon et al., 2008) . Generalized least squares models were computed when the variances were unequal between treatments (Pinheiro and Bates, 2000) . The interaction term (covariate × treatment) was removed from the model when it was non-significant, to obtain the final model.
The analysis of variance (ANOVA) was used to test the effect of the submergence condition on all biomechanical traits. Generalized least squares models were computed when the variances were unequal between treatments (Pinheiro and Bates, 2000) . For all the analyses, the submergence condition was used as the main effect and each biomechanical trait was used as a dependent variable.
For all of the analyses, sequential Bonferroni corrections (Dunn -Sidak method; Sokal and Rohlf, 1995) were performed because the analyses (Welch's t-test, ANOVA or ANCOVA) were repeated eight times for each trait. All mass, area and biomechanical variables were log-transformed prior to the analysis. All the analyses were performed on R version 2.8.1 software (R Development Core Team, 2008) .
RESULTS
Morpho-anatomical traits
The length of the stems (for caulescent species) or petioles (for rosette species) differed significantly between the two submergence conditions for all species except for L. salicaria (Table 2 ). For B. erecta, H. vulgaris, J. articulatus, M. aquatica and S. emersum, the length of the stems or petioles was significantly higher under emergent conditions. The opposite pattern was observed for M. scorpioides and N. lutea. The cross-sectional area of plant organs (stem for caulescent species and leaf for rosette species) significantly differed between the two submergence conditions for all species except for M. aquatica (Table 2) . However, the differences were not consistent between species. For B. erecta, H. vulgaris, J. articulatus and S. emersum, the cross-sectional area of the stems and leaves was significantly higher under emergent conditions, whereas the opposite pattern was observed for L. salicaria, M. scorpioides and N. lutea (Table 2) .
The submergence condition significantly affected the organ DMC for all species except B. erecta and H. vulgaris (Table 3 , Fig. 2 ). For all of the species with significant variations, the overall pattern of variation was similar; the DMC of stems or leaves/petioles was significantly higher under emergent conditions (Fig. 2) . For J. articulatus, L. salicaria and M. aquatica, the DMC of stems or leaves/petioles doubled under aerial conditions, and for M. scorpioides and N. lutea the increase in DMC was of 30 and 50 %, respectively. Nevertheless, the patterns of variations for J. articulatus and N. lutea were slightly more complex due to differences in the fresh mass between both conditions for J. articulatus and to the significant interaction between the condition and the covariate for N. lutea (Fig. 2) .
Biomechanical traits
Submergence conditions significantly affected at least one biomechanical trait for each species (Table 4 ). The tensile strength of plant organs was significantly higher under emergent conditions for J. articulatus, L. salicaria, M. aquatica and M. scorpioides, whereas B. erecta showed a significantly lower strength under emergent conditions (Fig. 3) . No significant difference in tensile strength between the two submergence conditions was observed for H. vulgaris, N. lutea and S. emersum (Fig. 3) . The tensile Young's modulus differed significantly between submergence conditions for all species except B. erecta and H. vulgaris. It was significantly higher under emergent conditions for J. articulatus, L. salicaria, M. aquatica and M. scorpioides, and lower for N. lutea and S. emersum (Fig. 3) . For most species, the strain in tension was lower under emergent conditions, but this was significant only for J. articulatus and M. aquatica. Only L. salicaria had a significantly higher strain under emergent conditions. The bending Young's modulus was significantly higher under emergent conditions for J. articulatus, L. salicaria, M. aquatica, M. scorpioides and N. lutea, and did not differ between submergence conditions for the other species (Fig. 3) . The second moment of area under emergent conditions was significantly higher for B. erecta, J. articulatus, L. salicaria and S. emersum, but significantly lower for N. lutea (Fig. 3) . The flexural stiffness was significantly affected by the submergence condition for all species. It was significantly higher under emergent conditions for B. erecta, H. vulgaris, J. articulatus, L. salicaria, M. aquatica, M. scorpioides and S. emersum, and lower for N. lutea (Fig. 3) .
DISCUSSION
Adaptation of plant species to terrestrial mechanical forces
In the present study, we sampled aquatic plant species that were able to tolerate, at least temporarily, terrestrial conditions (growing under submerged and emergent conditions). The expected trends in mechanical properties between the two conditions were observed for all of the species except N. lutea; the emergent individuals displayed a higher capacity to resist bending forces than submerged individuals, relying on the production of strengthening tissues in the organs bearing the load (leaves for rosette species and stems for caulescent species).
These results indicate that the emergent individuals have a higher capacity to withstand terrestrial mechanical conditions by supporting their own weight and resisting external forces, such as those induced by wind (Niklas, 1998) .
Determinism of biomechanical responses to terrestrial conditions
In accordance with our hypothesis, seven species had higher flexural stiffness (EI) under emergent conditions. The higher EI observed under emergent conditions in plant organs that bear loads can be due either to a higher second moment of area (I), indicating a change in the size and shape of the cross-section ( particularly a larger cross-sectional area), or to a higher bending Young's modulus (E, material parameter; Niklas, 1992) . Flexural stiffness was greater under emergent conditions for seven species, forming three groups that were distinguished by the origin of their higher flexural stiffness. For J. articulatus and L. salicaria, the higher flexural stiffness appeared to be due to a combination of increased tissue stiffness (E) and second moment or area (I). Berula erecta, H. vulgaris and S. emersum had a higher second moment of area under emergent conditions, even if the increase was not significant for The effects of the submergence condition that were significant after a sequential Bonferroni correction (Dunn-Sidak method) are shown in bold. F 1,36 ¼ 2 . 3 0 . 14 Non-significant interaction terms (between fresh mass and submergence condition), indicated in italics, were dropped in the final model (F and P-values correspond to the model with the highest order interaction where the term was present). The effects of submergence condition that were significant after a sequential Bonferroni correction (Dunn-Sidak method) are shown in bold. Log (dry mass in g) H. vulgaris. For these species, the higher flexural stiffness was thus due to a higher second moment of area consistent with the higher cross-sectional area, rather than to changes in tissue stiffness (Young's modulus). Conversely, for M. aquatica and M. scorpioides, the higher flexural stiffness was due to a higher bending Young's modulus, with no change in the second moment of area. The higher bending Young's modulus is consistent with the higher DMC observed under emergent conditions, indicating that higher proportions of dense strengthening tissues were produced (Usherwood et al., 1997; Robe and Griffiths, 2000) . In accordance with our hypothesis, the enhanced resistance to terrestrial mechanical forces for emergent individuals relies on changes in the tissue make-up and/or in the size of the organs bearing the load (Goliber, 1989; Usherwood et al., 1997; Griffiths, 1998, 2000) . Only one species, N. lutea, did not respond as expected, displaying a lower flexural stiffness under emergent conditions. In contrast to a previous study on the same species (Etnier and Villani, 2007) , a lower flexural stiffness under emergent conditions was observed for N. lutea due to a smaller cross-sectional area and thus a lower second moment of area, suggesting that the production of selfsupporting leaves does not rely on the production of tissues with a higher resistance to bending. The unexpected response of N. lutea could be explained by the preference of this species for deep waters. However, we can also hypothesize that the selfsupporting property of the leaves of N. lutea relies on the change in the allometric relationships between the petiole length and the cross-sectional area, as the petioles were much shorter under emergent conditions (McMahon, 1973; Niklas and Spatz, 2006) . Hence, the allometric relationships between stem or petiole length and cross-sectional area should be further investigated to understand fully the self-supportive capacity of aquatic plant organs under aerial conditions. In the present study, three species with high flexural stiffness, determined by a larger cross-sectional area under terrestrial conditions, possessed the rosette growth form (B. erecta, J. articulatus and S. emersum). For rosette species, leaf renewal results in replacement of the structures that bear loads (leaves or petioles), which could enable rapid changes in the cross-sectional area. Conversely, for caulescent species, the load is borne by the basal part of the stem, which can hardly be renewed or modified, especially for species that lack secondary growth. For these species, modifications of stem flexural stiffness may depend on the production of strengthening tissues.
Potential benefits and costs of producing a growth form adapted to terrestrial conditions in a fluctuating environment Our study demonstrated that some aquatic plant species are capable of tolerating prolonged emergent conditions through some major morpho-anatomical changes. These plastic responses could be key traits that enable plants to live in this fluctuating environment (Bradshaw, 1965; Sultan, 1995; Ghalambor et al., 2007) , and could have been selected for by evolutionary mechanisms (Pigliucci et al., 2006) . The changes in structural stiffness observed in the present study allow plants to withstand the mechanical conditions associated with the aerial environment, hence possibly enhancing their fitness. The production of a selfsupportive growth form allows plants to optimize the positioning of their photosynthetic surfaces (Evert, 2006) . The tall erect The effects of the submergence condition that were significant after a sequential Bonferroni correction (Dunn-Sidak method) are shown in bold.
morphology also gives the plants a competitive advantage over prostrate or dwarfed growth forms, by enhancing sunlight interception. For some aquatic species, emergent conditions also improve and trigger sexual reproduction (Ishii and Kadono, 2004) , which is often restricted by the water level (Sculthorpe, 1967; Robe and Griffiths, 1998) . The production of a selfsupportive growth form may facilitate the emergence of floral organs required for successful pollination (Ishii and Kadono, 2004 . Asterisks indicate significant differences in biomechanical traits between submerged and emergent conditions (***P , 0 . 001; **P , 0 . 01; *P , 0 . 05).
able to produce self-supportive growth forms under emergent conditions. Alternatively, we can also hypothesize that the production of a self-supportive growth form under aerial conditions could incur important costs. The production of strengthening tissues, which are costly to produce (Pennings de Vries et al., 1974) , could, accordingly, negatively impact sexual reproduction, resulting in a trade-off between the production of a more resistant phenotype and flowering or seed production (Cipollini, 1999; Anten et al., 2005) . Consequently, future studies should investigate the consequences of producing a self-supportive growth form on sexual reproduction in order to establish the adaptive value of emergent phenotypes.
We hypothesized the morpho-anatomical changes involved in the response to a lowered water level to have important repercussions in the plant's capacity to resist aquatic mechanical conditions when water rises again. When water rises again, plants are subjected to the aquatic mechanical conditions, and, when exposed to flow, to the hydrodynamic forces, mostly tensile forces (Denny, 1988; Puijalon et al., 2011) . The emergent individuals of four species (J. articulatus, L. salicaria, M. aquatica and M. scorpioides) displayed an increased tensile strength, initially indicating an enhanced resistance to hydrodynamic forces. However, the biomechanical changes observed in emergent individuals, particularly the higher bending stiffness and reduced strain in tension, may have important repercussions on the hydrodynamic forces encountered by plants. Indeed, high flexibility and deformability enable aquatic plants to reconfigure into a more streamlined shape and to bend and flatten near the substrate where water velocity is lower (Koehl, 1984; Sand-Jensen, 2003; O'Hare et al., 2007) . In the case of a water level rise, the decreased flexibility (increased stiffness) observed for emergent individuals of some species could consequently lead to much higher hydrodynamic forces than for submerged individuals. Furthermore, the enhanced stiffness of emergent plants also implies that plants will bear hydrodynamic forces in bending instead of tension. Because a given force leads to lower stress if it is borne through tension rather than in bending (Koehl, 1984) , the greater stiffness of emergent individuals could lead to an increased breaking risk under aquatic conditions. This reduced capacity for plants to tolerate aquatic mechanical conditions when water level rises again could represent a cost of producing a growth form adapted to aerial conditions.
